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AESTRACT 

Using models of t h e  p a r a l l e l e d  AM and ATM e l ec t r i ca l  
systems,  t h e  AM/OWS and ATM solar  a r r a y s ,  t h e  AM power condi- 
t i o n i n g  groups,  and t h e  ATM charger-battery-regulator-modules, 
t h e  performance of t h e  Skylab e l e c t r i c a l  power system has been 
s tud ied , fo r  a p a r t i c u l a r  mission day. 

n t s ,  v o l t a g e s ,  and loads on each s p a c e c r a f t  bus;  i n t e r -  
f a c e  (cur% vo ages ;  vo l t ages  on each AM r egu la t ed  bus )  and b a t t e r y  
charge c h a r a c t e r i s t i c s  nave been determined. The mission day 
s t u d i e d  i s  an extremely a c t i v e  one, imposing g r e a t e r  power 
demands than  t h e  system would normally see. 

N e t w o r k  p r o p e r t i e s  

A maximum electrical  load  of 8470 w a t t s  occurs  du r ing  
a loca l  ve r t i ca l  pas s  f o r  e a r t h  r e sources  experiments .  Severa l  
a d d i t i o n a l  peaks i n  excess of 8000 w a t t s  are experienced.  The 
h i g h e s t  o r b i t  average i s  approximately 7400. w a t t s  and t h e  average 
load  over t h e  2 4  hour pe r iod  i s  6650 w a t t s .  

No-load v o l t a g e  s e t t i n g s  of t h e  AM r e g u l a t e d  buses  
w e r e  v a r i e d  between 28.8 v o l t s  and 29 .2  vo l t s :  t h e  ATM bus 
v o l t a g e  s e t t i n g  was h e l d  cons t an t  a t  30.4 vo l t s .  An AM s e t t i n g  
of 29.0 v o l t s  i s  optimum f o r  e q u a l i z i n g  t h e  depth-of-discha 
exper ienced  by the-AM and ATM b a t t e r i e s .  However, t h e  
an-? MDA/CSM i n t e r f a c e  vo l t age  c o n s t r a i n t s  are v i o l a t e d  
v o l t a g e  s e t t i n g s  of 29.0 v o l t s  and less. I n c r e a s i n g  t h  
c i r c u i t  s e t t i n g  t o  2 9 . 2  v o l t s  r a i s e s  t h e  i n t e r f a c e  v o l t  
enough t o  m e e t  t h e  requirements .  

b a t t e r i e s  a t  a v o l t a g e  s e t t i n g . o f  2 9 . 2  vo l t s  i s  31.2% 
b a t t e r y  bank 1. The average depth-of-discharge f o r  t h i  
bank of b a t t e r i e s  i s  27.5%. These va lues  dec rease  t o  
and 26 .0% r e s p e c t i v e l y  when t h e  AM open c i r c u i t  vo l t age  s e t t i n g  

The maximum depth-of-discharge experienced b 

i s  dec reased  t o  29 .0  v o l t s .  I . -  I 
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INTRODUCTION 

The performance of t h e  Skylab e lec t r ica l  power systems 
has  been s t u d i e d  i n  d e t a i l  f o r  an a c t i v e  mission day. 
p a r t i c u l a r  24-hour pe r iod  chosen c o n s i s t s  of seventeen s o l a r  
i n e r t i a l  o r b i t s  and one e a r t h  resources  o r b i t  wi th  a 1 2 0 °  l o c a l  
v e r t i c a l  pas s .  

The 

The a n a l y s i s  may be convenient ly  s e p a r a t e d  i n t o  
(1) an i n v e s t i g a t i o n  of t h e  network p r o p e r t i e s  of t h e  p a r a l l e l  

AM and ATM e lec t r ica l  power system, and ( 2 )  an examination of  
t h e  s t a t e -o f -cha rge  h i s t o r y  of  each b a t t e r y  bank. The network 
a n a l y s i s  examines i n d i v i d u a l  s p a c e c r a f t  bus vo l t ages  and c u r r e n t s  
and module i n t e r f a c e  v o l t a g e s  r e s u l t i n g  from power requirements  
of each s p a c e c r a f t  module. In  t h e  s t a t e -o f -cha rge  a n a l y s i s ,  t h e  
t r a j e c t o r y ,  temperature  e f f e c t s ,  losses due t o  non-normal s o l a r  
i n c i d e n c e ,  shadowing of t h e  AM solar  a r r a y  by t h e  ATM a r r a y ,  
and c e l l  deg rada t ion  have been cons idered  i n  de te rmining  power 
gene ra t ed  by t h e  AM and ATM s o l a r  a r r a y s  as a f u n c t i o n  of t i m e .  
Using t h e  s o l a r  a r r a y  power p r o f i l e  and t h e  e lec t r ica l  load  
p r o f i l e  ( f r o m  t h e  network a n a l y s i s )  f o r  each power system, a 
s t a t e -o f -cha rge  p r o f i l e  f o r  the AM and ATM b a t t e r i e s  w a s  d e t e r -  
mined. The g e n e r a l  approach used i s  i l l u s t r a t e d  i n  F igure  1. 

D e s c r i p t i o n  o f  Chosen Mission Day 

The c r e w  a c t i v i t i e s  t ime l ine  used f o r  t h i s  s tudy  i s  shown i n  
F i g u r e  2 ,  which i s  taken  from Reference 1. This  t i m e l i n e  i s  i n  
t u r n  based on sample t r a j e c t o r y  d a t a  from Reference 3 t h a t  covers  
t h e  24-hour pe r iod  beginning 9 days 9 hours  GET a f t e r  t h e  assumed 
launch  of Skylab 1 on J u l y  1 9  a t  1 5 0 0  hours .  A wide range of 
a c t i v i t i e s  and experiments  have been  inc luded ,  r e p r e s e n t i n g  a 
s u b s t a n t i a l  p o r t i o n  of  t h e  ope ra t ions  t h a t  w i l l  occur du r ing  a 
mis s ion ,  and probably more than w i l l  a c t u a l l y  ever  be scheduled 
d u r i n g  a s i n g l e  miss ion  day. 
d e s c r i p t i o n  of t h e  day under cons ide ra t ion .  

Reference 1 c o n t a i n s  a complete 

. 
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T r a j e c t o r y  data  (sun a n g l e ,  t i m e s  of  s u n s e t ,  s u n r i s e ,  
noon) were ob ta ined  from Reference 3 .  The minimum angle  
between t h e  sun vector and t h e  o r b i t a l  p l a n e ,  B ,  v a r i e s  from 
-17 .92 '  t o  -21 .14 '  du r ing  t h e  2 4  hours  o f  i n t e r e s t . *  B i s  
-19.5O du r ing  t h e  e a r t h  resources  o r b i t .  

A solar  i n e r t i a l  (SI )  a t t i t u d e  i s  maintained d u r i n g  
t h e  s u n l i t  p o r t i o n  of a l l  o r b i t s  excep t  t h e  one o r b i t  du r ing  
which e a r t h  r e sources  experiments are performed. The maneuver 
i n t o  a local v e r t i c a l  a t t i t u d e  f o r  e a r t h  r e sources  experimenta- 
t i o n  begins  a t  s u n r i s e  o f  t h e  n i n t h  r e v o l u t i o n  and i s  completed 
a t  a p o i n t  i n  t h e  o r b i t  60' before  o r b i t a l  noon. Local v e r t i c a l  
a t t i t u d e  i s  maintained u n t i l  60' p a s t  t h e  noon p o s i t i o n  when 
t h e  maneuver back t o  solar  i n e r t i a l  i s  i n i t i a t e d .  The r e t u r n  
maneuver i s  completed by t h e  t i m e  t h e  s u n s e t  t e rmina to r  i s  
reached. 

The t i m e l i n e  of Figure 2 r e s u l t s  i n  t h r e e  pe r iods  of 
unusual ly  h igh  power requirements : (1) dur ing  t h e  performance 
of medical experiments  M071, M073, M074, and M172 fo l lowing  
b r e a k f a s t  ( ' ~ 2 3 4 .  h r s  GET) ; ( 2 )  dur ing  t h e  performance of t h e  
ear th  r e sources  experiments (%238 .  h r s  G E T ) ;  and ( 3 )  dur ing  t h e  
ATM experiment o p e r a t i o n s  ( ~ 2 4 1 . - 2 4 2 .  h r s  GET).  Because o f  t h e  
v a r i e t y  of ac t iv i t ies  scheduled, and because of some conse rva t ive  
assumptions used t o  gene ra t e  them, l a r g e  swings e x i s t  i n  t h e  
power requirements  p r o f i l e .  

Network Analys is  

The power which must be d e l i v e r e d  by each of t h e  AM 
r e g u l a t e d  buses  and by t h e  ATM buses  i s  computed by a network 
a n a l y s i s  program. Loop equat ions  are u t i l i z e d  t o  solve f o r  
loop  c u r r e n t s  and node vol tages  i n  a network model (F igure  3 )  
of t h e  p a r a l l e l e d  AM/OWS and ATM electr ical  power systems. 
Equ iva len t  c o n s t a n t  r e s i s t a n c e  loads  ( e .g . ,  RAML1, RAML2, RMDA1, 
ROWS1, e t c . )  on each s p a c e c r a f t  bus are computed from a bus 
power requirements  p r o f i l e  using an assumed bus v o l t a g e  of  
2 8  v o l t s .  The open c i r c u i t  supply bus v o l t a g e s  VAM1, VAM2, VATM 
and t h e  network l i n e  r e s i s t a n c e  va lues  are program i n p u t s ;  t h e  
Supply v o l t a g e s  may be v a r i e d  t o  opt imize  t h e  load  s h a r i n g  
c h a r a c t e r i s t i c s  of t h e  t w o  p a r a l l e l  systems. 

*The sun ang le ,  B ,  i s  nega t ive  when t h e  sub-so lar  p o i n t  
i s  s o u t h  of t h e  s u b - o r b i t a l  noon p o i n t  as i l l u s t r a t e d  i n  
F i g u r e  4 .  
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The power requirements p r o f i l e s  used t o  compute t h e  
equ iva len t  constant.  resistance load on each s p a c e c r a f t  bus are 
based on t h e  c r e w  a c t i v i t i e s  t ime l ine  of  Reference 1. The 2 4  
hour sample day w a s  d iv ided  i n t o  six-minute increments  du r ing  
which power requirements  w e r e  assumed t o  remain c o n s t a n t .  
Power peaks and t r a n s i e n t s  of shor te r  d u r a t i o n  w e r e  averaged 
over t h e  s i x  minute pe r iod .  The requirements  of each o p e r a t i n g  
subsystem w e r e  determined from the  a p p r o p r i a t e  power a l l o c a t i o n  
document f o r  t h a t  s p a c e c r a f t  module (References 8 ,  9 ,  1 0 ,  and 11). 
A number of assumptions were made concerning subsystem, component, 
and experiment o p e r a t i n g  t i m e s  and duty  c y c l e s ;  they  are summarized 
i n  Reference 7. F igure  6 of Reference 1 2  w a s  used i n  a s s i g n i n g  
each load t o  t h e  proper  module bus. 

The r e s u l t a n t  power which must be d e l i v e r e d  by each AM 
r e g u l a t e d  bus and t h e  ATM buses  i s  shown i n  F igures  8 ,  9 ,  and 1 0  
f o r  open c i r c u i t  v o l t a g e  s e t t i n g s  of VAMl = VAM2 = 28.8 v o l t s  
and VATM = 30.4 vo l t s .  The average load on AM r e g u l a t e d  bus 1 
i s  approximately 1500 w a t t s ,  t he  load  on AM bus 2 approximately 
1350 w a t t s ,  and t h e  average ATMload about  3700 w a t t s .  The 
maximum power r e q u i r e d  from e i t h e r  AM r e g u l a t e d  bus i s  2 4 0 0  w a t t s ,  
which occur s  a t  bus 1 dur ing  e a r t h  r e sources  experiments .  The 
ATM buses  must supply a maximum power of 4 2 0 0  w a t t s  du r ing  ATM 
experiment  ope ra t ions .  When the  AM no-load voltage s e t t i n g s  are 
i n c r e a s e d  t o  29.2 v o l t s ,  t h e  load on each of t h e  AM r e g u l a t e d  
buses  i n c r e a s e s  by 200-300 w a t t s ,  and t h e  ATM load  dec reases  by 
approximately 500 w a t t s  average (see Figure 11). 

Tota l  power, i nc lud ing  system losses, d e l i v e r e d  by both  
AM r e g u l a t e d  buses  and by t h e  ATM buses  i s  shown . in  F igure  13. 
The peaks i n v a r i a b l y  occur  dur ing  t h e  dark  p o r t i o n  of  each o rb i t .  
This  r e s u l t s  from t h e  conserva t ive  assumption t h a t  high e lectr ical  
h e a t i n g  requirements  occur  during each n i g h t  cyc le .  A maximum 
load of 8470 w a t t s  occurs  dur ing  t h e  e a r t h  r e sources  experimenta- 
t i o n  pe r iod .  Add i t iona l  peaks i n  excess  of 8000 w a t t s  occur  
d u r i n g  t h e  medical experimentat ion pe r iod  and du r ing  performance 
of t h e  so l a r  astronomy experiments.  The average load  over  t h e  
2 4  hour p e r i o d  i s  approximately 6650 w a t t s .  

I n  Appendix A ,  t h e  a c t u a l  loads  on a l l  s p a c e c r a f t  buses 
and on t h e  o r b i t a l  v e h i c l e  power t r a n s f e r  buses  are d e t a i l e d .  
Bus  v o l t a g e s  and c u r r e n t s  and t h e  MDA/CSM and MDA/ATM i n t e r f a c e  
voltages are also examined. 



- 4 -  

Solar Array Power Generation-Earth Resources O r b i t  

The fo l lowing  equat ion ,  from Reference 4 ,  w a s  used t o  
c a l c u l a t e  t h e  power produced by each solar  a r r a y .  

P N ( T )  - temperature  dependent solar  a r r a y  power a t  normal 
( i . e . ,  pe rpend icu la r )  solar  inc idence ,  a i r  mass 
ze ro ,  and beginning of l i f e .  

OWS: PN (T)  = 15350 (1-. 00258 (T-82.4OF) ) w a t t s  ( 2  1 

(3)  ATM: PN (T)  = 11855 (1-.00258 (T-86.0°F) ) w a t t s  

The local  v e r t i c a l  (LV) temperature  p r o f i l e  and curve- 
f i t  equa t ions  o f  Reference 4 w e r e  used i n  t h e  above 
equa t ions  f o r  o r b i t  p o s i t i o n  angles  between rl=-15O 
and rl=+60°. The o r b i t  p o s i t i o n  a n g l e ,  0 ,  i s  measured 
from o r b i t a l  noon, p o s i t i v e  i n  t h e  d i r e c t i o n  of 
o r b i t a l  v e l o c i t y .  The angle  rl i s  i l l u s t r a t e d  i n  
Figure 4 .  A l i n e a r  t r a n s i t i o n  a p p l i c a b l e  only  t o  t h e  
p r e s e n t  case of B=-19.5O w a s  used t o  conver t  from t h e  
S I  temperature  p r o f i l e  a t  s u n r i s e  t o  t h e  LV p r o f i l e  
a t  q=-15O. For rl g r e a t e r  than + 6 0 ° ,  a non- l inear  
t r a n s i t i o n  (also app l i cab le  only t o  t h e  va lue  of  6' 
f o r  t h i s  p a r t i c u l a r  e a r t h  r e sources  o r b i t )  w a s  used 
t o  conve r t  back t o  a S I  temperature  p r o f i l e .  

For t h e  purposes  of  t h i s  a n a l y s i s ,  t h e  temperature  
p r o f i l e  of t h e  ATM s o l a r  a r r a y  w a s  assumed t o  be t h e  
s a m e  as t h a t  of t h e  OWS a r r a y .  The assumption i s  
based on d a t a  presented  a t  t h e  C r i t i c a l  Design Review 
of  t h e  ATM thermal  c o n t r o l  system on May 13 ,  1 9 7 0 .  
The d a t a  i n d i c a t e  a range of temperature  va lues  f o r  
any p a r t i c u l a r  o r b i t a l  p o s i t i o n ,  t h e  mid-range value 
c l o s e l y  approximating t h e  temperature  of t h e  OWS 
a r r a y  under corresponding cond i t ions .  
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cos A - accounts  f o r  r educ t ion  i n  solar  a r r a y  power ou tpu t  
due t o  non-normal s o l a r  inc idence .  The ang le  A i s  
between an outward normal t o  t h e  solar  a r r a y  and a 
vector t o  t h e  sun. 

cos A = cos 4 cos h - e )  cos B + s i n  4 s i n  B ( 4  1 

( l -Ls )  - 

An equat ion  s imi la r  t o  (4) i s  de r ived  i n  Reference 6 
which used a d i f f e r e n t  coord ina te  system. 
B and rl have been previous ly  de f ined .  The a n q l e s  e 
and 4 are de f ined  r e l a t i v e  t o  a r e f e r e n c e  loca l  
ver t ica l  coord ina te  system shown i n  Figure 4. 8 ,  
formed by a nega t ive  r o t a t i o n  about  t h e  normal t o  
t h e  o r b i t  p lane  , Y L v ,  i s  t h e  angle  between t h e  space- 
c r a f t  X-axis and XLv, which i s  t angen t  t o  t h e  o r b i t a l  
p lane .  A nega t ive  r o t a t i o n  about t h e  s p a c e c r a f t  
X-axis t hen  produces the  r o l l  angle  +.  I t  i s  t h e  
ang le  formed be tween the  s p a c e c r a f t  Y-axis  and Y L v ,  

or i n  o t h e r  words, t h e  angle  formed between t h e  
p lane  of  t h e  s p a c e c r a f t  s o l a r  a r r a y s  and t h e  normal t o  
t h e  o r b i t a l  p lane .  
i s  de f ined  i n  F igu re  5.  

accounts  f o r  r educ t ion  of AM/OWS solar  a r r a y  power 
gene ra t ion  c a p a b i l i t y  as  a r e s u l t  of shadowing by 
t h e  ATM a r r a y .  N o  shading of t h e  ATM a r r a y  i s  assumed 
The shadowing program of Reference 6 has  been used 
i n  conjunct ion  w i t h  t h e  a t t i t u d e  p r o f i l e  given by 
Reference 2 t o  d e t e r m i n e  t h e  percentage  of t h e  
t o t a l  area of t h e  AM/OWS a r r a y  shaded a t  each o r b i t a l  
p o s i t i o n .  Because t h e  solar cells  of  t h e  AM/OWS 
a r r a y  are connected i n  series s t r i n g s  of 1 5 4  c e l l s ,  
shading  of one o r  more cel ls  per  s t r i n g  e l i m i n a t e s  
t h e  power gene ra t ion  c a p a b i l i t y  of  t h e  e n t i r e  s t r i n g .  
Therefore ,  t h e  percentage area shaded must be 
a d j u s t e d  by a c o r r e c t i v e  f a c t o r  t o  o b t a i n  a rea l i s t ic  
estimate of t h e  a c t u a l  decrease i n  power gene ra t ion  
c a p a b i l i t y .  Based on d a t a  ob ta ined  f o r  t h e  number 
of  s t r i n g s  a f f e c t e d  by va r ious  given shadow p a t t e r n s ,  
t h e  c o r r e c t i v e  f a c t o r  a c t u a l l y  v a r i e s  over  a range 
of va lues  between 1 . 3  and 2 .0 .  However, it i s  m o s t  
o f t e n  n e a r l y  1 . 5 ,  and t h a t  i s  t h e  va lue  which w a s  
used i n  t h i s  work.  

The ang le s  

The s p a c e c r a f t  coo rd ina te  system 
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( l -LR)  - accounts  f o r  s o l a r  a r r ay  power r e d u c t i o n  due t o  
r e f l e c t i v e  loss 
a t  non-normal so la r  inc idence .  The v a r i a t i o n  of  
(1-L 1,  t h e  normalized t r a n s m i t t a n c e ,  as a func t ion  
of  A has  been determined i n  Reference 4 .  

(LR) from t h e  q u a r t z  cover  s l i d e s  

R 

( l -LD)  - accounts  f o r  reduct ion  i n  cell  solar-to-electrical 
conversion e f f i c i e n c y  as a f u n c t i o n  o f  exposure 
t i m e  t o  environmental  r a d i a t i o n .  For t h e  chosen 
day of i n t e r e s t  i n  t h i s  a n a l y s i s ,  ( l -LD)  i s  c o n s t a n t  
a t  -9983, which i s  based on 0.5% p e r  month degrada t ion .  

S o l a r  Array Power  Generation - Solar I n e r t i a l  A t t i t u d e  

Equation (1) s i m p l i f i e s  cons iderably  f o r  t h e  case when 
The shaded por- t h e  s p a c e c r a f t  i s  i n  a s o l a r  i n e r t i a l  a t t i t u d e .  

t i o n  o f  t h e  AM/OWS a r r a y  i s  cons tan t  and A e q u a l s  zero.  The 
l a s t  f o u r  t e r m s  o f  (1) are then 

cos A = 1 . 0  

( l -Ls )  = .9745 

\ i - L  ) = 1 . 0  

( l - L D )  = .9983 
R 

P N ( T ) ,  t h e  only  non-constant term, i s  given by equa t ions  ( 2 )  
f o r  t h e  AM/OWS a r r a y  and (3)  f o r  t h e  ATM s o l a r  a r r a y .  Array 
tempera ture  d a t a  f o r  t h e  s u n l i t  p o r t i o n  of t h e  o r b i t  w a s  
o b t a i n e d  from Reference 5 ,  and curves w e r e  f i t  t o  t h e  d a t a  t o  
s i m p l i f y  o p e r a t i o n  w i t h i n  t h e  computer program. 
g i v e s  t h e  equa t ions  f o r  t h e  r e s u l t a n t  cu rves . .  

Appendix B 

Determinat ion of Ba t t e ry  State-of-Charge 

The charge  flowing t o  o r  from each b a t t e r y  may be 
r e p r e s e n t e d  simply as 
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where AC = incrementa l  charge,  ampere-hours 

AE = incrementa l  energy,  watt-hours 

P = power l e v e l  of energy to/from b a t t e r y ,  w a t t s  

VB = b a t t e r y  v o l t a g e ,  v o l t s  

A t  = incrementa l  t i m e ,  hours 

The power cond i t ion ing  groups ( P C G ' s )  of t h e  AM e lectr ical  power 
system and t h e  cha rge r -ba t t e ry - regu la to r  modules (CBRM's)  of t h e  
ATM system have been modeled as shown i n  F igure  6 and Figure  7.  
Each model i n  conjunct ion  wi th  t h e  b a s i c  equa t ion  ( 5 )  g i v e s  rise 
t o  t h e  fo l lowing  s ta te -of -charge  equa t ions  f o r  t h e  corresponding 
power system. Note t h a t  t h e  fol lowing equa t ions ,  u n l i k e  equa t ion  
(51, c a l c u l a t e  t h e  incrementa l  charge i n  t e r m s  of  a percentage  of 
t o t a l  system capac i ty .  

AM/OWS SYSTEM 

'C'R2'B (6 1 1 0 0 * A t  - pL 
Charge: Ac = - A H O N  O R ~ P S A  U D Q R 4 n R n R 3 O C  EB 

- 100*At 

E B * A H * N  (OD ';'R'R3 
Discharge: AC = 

AC - incrementa l  change i n  b a t t e r y  s ta te -of -charge ,  % 

EB 

AH - r a t e d  ampere-hour c a p a c i t y / b a t t e r y  = 33  amp-hrs 

- nominal b a t t e r y  vol tage  = 34.5 v o l t s  

N - number o f  b a t t e r i e s / r e g u l a t e d  bus = 4 

A t  - t i m e  increment ,  hours 

PL 

'SA 

- electr ical  load/ regula ted  bus ,  w a t t s  

- power genera ted  by one-half of  t h e  AM/OWS s o l a r  a r r a y ,  
w a t t s  

The d e f i n i t i o n  and value of  each of  t h e  e f f i c i e n c i e s ,  q ,  
is  g iven  i n  F igure  6 .  
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The e l e c t r i c a l  power system i n  t h e  AM provides  f o r  
t h e  connect ion of e i g h t  PCG’s t o . e i t h e r  of two r e g u l a t e d  buses .  
I n  t h e  usua l  mode of opera t ion  f o u r  P C G ’ s  are t i e d  t o  each bus.  
Regulated v o l t a g e  a t  t h e  buses may be a d j u s t e d  by t h e  crew t o  
vary t h e  p ropor t ion  of t h e  t o t a l  l oad  shared  by each of  t h e  
AM/OWS and ATM power systems. 

Each r e g u l a t e d  bus and bank of fou r  AM b a t t e r i e s  i s  
t r e a t e d  s e p a r a t e l y  i n  t h i s  a n a l y s i s .  PL i n  equa t ions  ( 6 )  and 
( 7 )  ( t h e  a c t u a l  l oad  inc luding  d i s t r i b u t i o n  l o s s e s )  i s  computed 
for each AM bus by t h e  network a n a l y s i s  program. Accordingly,  
PSA i s  e x a c t l y  one-half  of  t h e  power gene ra t ion  c a p a b i l i t y  of  
t h e  AM/OWS so la r  a r r a y .  

ATM SYSTEM 

Charge: 

AC - incrementa l  change i n  b a t t e r y  s t a t e -o f -cha rge ,  % 

EB 

AH - r a t e d  ampere-hour c a p a c i t y / b a t t e r y  = 20 amp-hrs 

- nominal b a t t e r y  vo l t age  = 2 7 . 6  v o l t s  

N - number o f  batteries = 1 8  

A t  - t i m e  increment ,  hours  

PL - electr ical  l o a d ,  w a t t s  

SA - power genera ted  by t h e  ATM so la r  a r r a y ,  w a t t s  

The d e f i n i t i o n  and v a l u e  of each of  t h e  e f f i c i e n c i e s ,  
TI, is given i n  F igure  7. 
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The ATM e lectr ical  power system i s  configured so t h a t  
each of e igh teen  CBRM's i s  connected through d iodes  t o  t w o  
c o l l e c t o r  buses.  Each c o l l e c t o r  bus feeds  a load  bus and sub- 
sequent  d i s t r i b u t i o n  c i r c u i t r y  to  t h e  l o a d ,  t hus  forming a 
p a r a l l e l  d i s t r i b u t i o n  system from each CBRM t o  t h e  load .  The 
load  on each ATM bus i s  assumed t o  be shared  e q u a l l y  among t h e  
e i g h t e e n  CBRM's .  

The b a t t e r y  charger  l i m i t s  t h e  c u r r e n t  t o  t h e  ATM 
b a t t e r i e s  t o  15  o r  less amperes du r ing  t h e  charge c y c l e .  
Therefore ,  t h e r e  w i l l  be t i lnes(e .g . ,  fo l lowing  s u n r i s e )  when 
t h e  b a t t e r i e s  cannot  accep t  a l l  of t h e  power a v a i l a b l e  f o r  
recharg ing .  This  a n a l y s i s  l i m i t s  t h e  recharge  power t o  t h e  
ba t te r ies  t o  8500 w a t t s  - 1 8  b a t t e r i e s  x 15 amps x 31.5 vo l t s  
(maximum b a t t e r y  v o l t a g e  du r ing  c o n s t a n t  c u r r e n t  r e c h a r g e ) .  

Ba t t e ry  State-of-Charge P r o f i l e s  

T i m e  p r o f i l e s  f o r  t h e  power produced by one-half of 
t h e  AM/OWS so la r  a r r a y ,  t h e  e l e c t r i c a l  load  on AM r e g u l a t e d  
bus 1, and t h e  s ta te -of -charge  for  t h e  fou r  corresponding 
b a t t e r i e s  are shown i n  Figure 8. Figure 9 shows s i m i l a r  d a t a  
f o r  AM r e g u l a t e d  bus 2 and i t s  b a t t e r i e s .  The d a t a  are fo r  
an open c i r c u i t  v o l t a g e  s e t t i n g  of 28.8 v o l t s  on each AM 
r e g u l a t e d  bus and 30.4 vo l t s  on t h e  ATM buses .  F igure  1 0  
i l l u s t r a t e s  t h e  corresponding ATM d a t a  f o r  t h i s  s a m e  case. 

The maximum depth-of-discharge (DOD) experienced by 
t h e  AM b a t t e r i e s  i s  27.5% and occurs  a t  234.3 h r s  GET du r ing  
t h e  performance of medical experiments M071, M073, M074, and 
M172. A DOD of 2 6 %  i n  each AMbat te ry  bank i s  reached du r ing  
ATM experiment  o p e r a t i o n s  (1.242 h r s  GET) .  During t h i s  same 
p e r i o d  t h e  ATM b a t t e r i e s  reach a DOD of 29.5%, t h e  maximum 
they  expe r i ence  du r ing  t h e  chosen day. 

During t h e  e a r t h  resources  p a s s ,  237.3 h r s  t o  
238.3 h r s  GET, power genera ted  by each so la r  a r r a y  drops o f f  
r a p i d l y  as t h e  maneuver i n t o  l o c a l  v e r t i c a l  i s  i n i t i a t e d .  
Having acqui red  t h e  e a r t h  resources  a t t i t u d e ,  an in t e rmed ia t e  
peak occur s  a t  noon followed by  ano the r  drop  i n  power u n t i l  
t h e  r e t u r n  t o  solar  i n e r t i a l  begins.  This  dec rease  i n  a v a i l -  
able power i n  con junc t ion  wi th  t h e  a d d i t i o n a l  experiment load 
acts t o  s u b s t a n t i a l l y  reduce t h e  r a t e  a t  which t h e  b a t t e r i e s  
are recharged .  Never the less ,  complete recovery of both t h e  
AM and t h e  ATM b a t t e r i e s  i s  achieved by s u n s e t .  
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1 

Maximum DOD 

VAMl = vAM2 AM1 AM2 ATM 

2 8 . 8  vo l t s  2 7 . 5  26 .2  2 9 . 5  

29 .0  vo l t s  29 .4  28 .0  2 8 . 1  

2 9 . 2  vo l t s  31 .2  29 .9  26 .7  
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Average DOD 

AM1 AM2 ATM 

2 4 . 5  23 .0  2 6 . 5  

2 6 . 0  2 4 . 4  2 5 . 3  

2 7 . 5  26 .0  2 4 . 1  

The  average d e p t h - o f - d i s c h a r g e  of each b a n k  of 
ba t t e r i e s  for t h e  24  hour p e r i o d  i s  2 4 . 5 %  f o r  AM1, 23.0% f o r  
AM2, and 26 .5% fo r  t h e  ATM. E x c e p t  f o r  t h e  ear th  resources 
o r b i t ,  t h e  AM bat ter ies  are i n v a r i a b l y  f u l l y  charged before 
noon  of each o r b i t ;  t h e  ATM bat ter ies  reach f u l l  charge 
s h o r t l y  a f t e r  noon. 

F igure  11 i l l u s t r a t e s  the  load on each AM r egu la t ed  
bus and t h e  ATM load when t h e  o p e n  c i r c u i t  vol tage s e t t i n g  of 
t h e  regulated buses i s  i n c r e a s e d  t o  29 .2  vo l t s .  T h e  corres- 
ponding state-of-charge p r o f i l e s  are shown i n  F i g u r e  1 2 .  T h e  
m a x i m u m  DOD of t h e  AM batteries increases t o  31 .2% ( b a t t e r y  
bank 1) d u r i n g  performance of t h e  medical experiments.  T h e  
s a m e  bank of ba t te r ies  r e a c h e s  a DOD of 30 .4% d u r i n g  t h e  ATM 
experiment opera t ions .  T h e  ATM batteries reach a m a x i m u m  DOD 
of 2 6 . 7 %  d u r i n g  ATM opera t ions .  T h e  average depth-of-discharge 
f o r  each bank of ba t te r ies  a t  t h e  end of t he  24  hour  period i s  
27 .5% f o r  AM1, 26 .0% for AM2, and  24 .1% for  t h e  ATM. E x c e p t  
f o r  t.he earth resources o r b i t ,  each bank of ba t t e r i e s  i s  f u l l y  
recharged before n o o n  of each o r b i t .  T a b l e  1 summarizes m a x i m u m  
axd average depth-of-discharge da ta  f o r  va r ious  open c i r c u i t  
vol tage s e t t i n g s .  

TABLE 1 

DEPTH-OF-DISCHARGE I N  PERCENT OF AM AND ATM BATTERIES 
FOR VARIOUS AM REGULATED BUS VOLTAGE SETTINGS AND VATM=30.4 VOLTS 
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Summary and Conclusions 

The 2 4  hour pe r iod  chosen f o r  t h i s  a n a l y s i s  r e p r e s e n t s  
a heav i ly  loaded day i n  a Skylab mission.  The t o t a l  average 
e l ec t r i ca l  load i s  i n  excess  of 6500 w a t t s  wi th  a worst  o r b i t  
average load of approximately 7300 w a t t s  ( f o r  VAMl = VAM2 = 2 8 . 8  
v o l t s ) .  The peak load averaged over a 6 minute per iod  i s  
8 4 7 0  w a t t s .  The assumption t h a t  e l ec t r i ca l  h e a t e r s  a r e  cyc led  
on du r ing  t h e  dark  p o r t i o n  of each o r b i t  r e s u l t s  i n  r e l a t i v e l y  
high depths-of-discharge.  Never the less ,  t h e  b a t t e r i e s  a s s o c i a t e d  
wi th  each power system are f u l l y  recharged each o r b i t ,  u s u a l l y  
be fo re  noon or  s h o r t l y  t h e r e a f t e r .  During t h e  e a r t h  r e sources  
o r b i t  t h e  t i m e  of f u l l  recharge  occurs  s i g n i f i c a n t l y  l a t e r  b u t  
s t i l l  be fo re  s u n s e t .  

The ra te  of  recharge  du r ing  t h e  s u n l i t  p o r t i o n  i s  
lower f o r  t h e  ATM b a t t e r i e s  than f o r  t h e  AM. One reason f o r  
t h i s  i s  t h e  1 5  ampere c u r r e n t  l i m i t  imposed on  t h e  ATM b a t t e r i e s  
du r ing  t h e  recharge  cyc le .  B e t t e r  d e f i n i t i o n  of b a t t e r y  charge 
ra te  a s  a func t ion  of t i m e ,  b a t t e r y  tempera ture ,  and a v a i l a b l e  
a r r a y  power i s  needed f o r  both e l e c t r i c a l  power systems and 
would provide  t h e  b a s i s  f o r  an improved ba t t e ry -cha rge r  model 
over t h e  s imple one used h e r e .  This  i s  an appropr i a t e  area f o r  
f u t u r e  work. 

Varying t h e  open c i r c u i t  v o l t a g e  s e t t i n g  of t h e  AM 
r e g u l a t e d  buses  provides  an e f f e c t i v e  way of e q u a l i z i n g  t h e  
average depth-of-discharge between t h e  AM and ATM b a t t e r y  banks. 
The d i f f e r e n c e  between AM and ATM b a t t e r y  average DOD i s  about 
3 . 5 %  a t  open c i r c u i t  vo l t age  s e t t i n g s  of bo th  28:8 v o l t s  
(AM DOD < ATM DOD) and 2 9 . 2  v o l t s  (ATM DOD < AM DOD) . A vo l t age  
s e t t i n g  of  2 9 . 0  v o l t s  i s  nea r  optimum f o r  balancing both systems. 
Unfor tuna te ly ,  t h e  MDA/CSM and MDA/ATM i n t e r f a c e  vo l t age  r equ i r e -  ~ 

ments are v i o l a t e d  f o r  open c i r c u i t  v o l t a g e  s e t t i n g s  of 2 9 . 0  v o l t s  
and below (see t h e  vo l t age  p r o f i l e s  of Figure A 4 ) .  When t h e  open- 
c i r c u i t  s e t t i n g s  are inc reased  t o  29 .2  v o l t s ,  no v i o l a t i o n s  occur ,  
b u t  t h e  v o l t a g e  margins are n e g l i g i b l e  and maximum DOD f o r  AM 
b a t t e r y  bank 1 exceeds 30%. 

Based on a f u l l y  o p e r a t i o n a l  system, t h i s  s tudy  i n d i c a t e s  
t h a t  adequate  e lectr ical  power i s  a v a i l a b l e  from t h e  p a r a l l e l  AM 
and ATM EPS's t o  f u l l y  m e e t  load requirements  while  main ta in ing  an 
energy ba lance  i n  t h e  AM and ATM b a t t e r i e s .  The b a t t e r i e s  f o r  
each EPS may be maintained a t  approximately t h e  same depth-of- 
d i s c h a r g e  if such o p e r a t i o n  i s  deemed d e s i r a b l e .  However, t o  do 
so may r e q u i r e  a v i o l a t i o n  of the  MDA/CSM and MDA/ATM i n t e r f a c e  
v o l t a g e  requirements .  Addit ional  i n v e s t i g a t i o n  i n  t h i s  area i s  
recommended. 
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TOTAL 
LOAD, 
WATTS 

TIME, HOURS (SAMPLE DAY TIME) 

FIGURE 13 -TOTAL SKYLAB LOAD (INCLUDING DISTRIBUTION LOSSES) ON AM/OWS AND ATM 
ELECTRICAL POWER SYSTEMS FOR VAMl = VAM2 = 28.8 VOLTS AND VATM = 30.4 VOLTS 



APPENDIX A 

BUS AND-INTERFACE VOLTAGES, CURRENTS, AND LOADS 
COMPUTED BY NETWORK ANALYSIS PROGRAM 

The vo l t age  p r o f i l e  on each AM r e g u l a t e d  bus i s  
shown i n  F igure  A 1  f o r  open c i r c u i t  v o l t a g e  s e t t i n g s  of 
VAMl = VAM2 = 28.8 v o l t s  and VATM = 30.4 v o l t s .  The loaded 
bus v o l t a g e  v a r i e s  between 27.6 vo l t s  and 28.3 vo l t s .  Curren t  
f lowing through t h e  bus t i e  from r e g u l a t e d  bus 1 t o  r egu la t ed  
bus 2 i s  shown i n  Figure A2. Figure A3 shows t h e  vo l t age  and 
c u r r e n t  a t  v e h i c l e  power t r a n s f e r  bus 1. Negative c u r r e n t  
i n d i c a t e s  t h a t  power i s  be ing  t r a n s f e r r e d  from t h e  ATM EPS t o  
t h e  AM.EPS. The v o l t a g e s  a t  t he  MDA/CSM i n t e r f a c e  and' t h e  
MDA/ATM i n t e r f a c e  are shown i n  Figure A 4 .  Only one p r o f i l e  
f o r  each i n t e r f a c e  i s  shown. A t  each i n t e r f a c e  t h e  vo l t age  
drops  below t h e  minimum al lowable v o l t a g e  (28.3" v o l t s  a t  t h e  
MDA/ATM i n t e r f a c e  and 27.5** v o l t s  a t  t h e  MDA/CSM i n t e r f a c e ) .  
I n c r e a s i n g  t h e  AM r e g u l a t e d  b u s  oTen c i r c u i t  v o l t a g e  s e t t i n  s t o  
2 9 . 2  volts raises t h e  vo l t ages  just above t h e  minimums as s%owr! 
i n  Figure AS. 

F igures  A6 through A 1 0  show t h e  a c t u a l  l o a d ,  t h e  
v o l t a g e ,  and t h e  c u r r e n t  on t h e  AM EPS c o n t r o l  bus ,  t h e  AM 
load  bus ,  t h e  OWS l oad  bus ,  t h e  CM load  bus ,  and t h e  ATM load  
bus.  Only one bus,  t h e  one showing t h e  g r e a t e s t  v a r i a t i o n ,  i s  
shown f o r  each module. When vol tage  and c u r r e n t  c o n s t r a i n t s  
are i d e n t i f i e d  f o r  each bus ,  f u t u r e  work should inc lude  examina- 
t i o n  of t h e  a p p r o p r i a t e  included p r o f i l e s  t o  determine i f  any 
c o n s t r a i n t s  are v i o l a t e d .  

*Skylab Program Operat ional  Data Book, Volume I V ,  MSC-01549, 
December 1 9 7 0 .  

**Minutes of  t h e  15 th  Skylab Electr ical  Panel Meeting, Agenda 
i t e m  15.11,  March 1 9 7 1 .  



APPENDIX B 

TEMPERATURE PROFILE EQUATIONS FOR SOLAR INERTIAL ATTITUDE 

T h e  fol lowing cu rve - f i t  equa t ions  apply t o  the  s u n l i t  
p o r t i o n  of t h e  o r b i t  and are derived f r o m  t h e  temperature  p r o f i l e s  
of Reference 5. The equat ions  a r e  gene ra l  i n  t h a t  they  apply f o r  
any va lue  of B and rl w i th in  t h e  l i m i t s  as shown. Both ang le s  are 
i n  degrees  and t h e  a b s o l u t e  va lue  of B must be used. 

2 3  
0 5 -30': T = 126 - (DX+EX + F X  ) 

X =  17 - 30 
2.08575442 D = 1.11555556 - (.0145013837@) 

E = [24 - (.253042077B+.0142996282- .0002100861958 3 ) ]/1000 

F = (-39.50627+.219985842B2-.0O304979937B3)/1O6 

C = (39-A)/2 

A = (6/5.434) 1.3566 

Z = [ (60-B)/20]sin[n~~-20~/1~5~ 
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FIGURE A1 -VOLTAGE PROFILES FOR AM REGULATED BUS 1 AND BUS 2 
(VAMl=  VAM2 = 28.8 VOLTS; VATM = 30.4 VOLTS) 
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FIGURE A2 -CURRENT FLOWING THROUGH THE BUS TIE FROM AM REG BUS 1 TO 
AM REG BUS 2 (VAMl= VAM2 = 28.8 VOLTS; VATM = 30.4 VOLTS) 
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FIGURE A3 - VOLTAGE AT TRANSFER BUS 1 AND CURRENT TRANSFERRED FROM AM TO 
ATM EPS. (VAMI = VAM2 = 28.8 VOLTS; VATM = 30.4 VOLTS) 
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FIGURE A4 -VOLTAGE PROFILES AT MDA/CSM AND MDA/ATM INTERFACES 
(VAMI = VAM2 = 28.8 VOLTS; VATM = 30.4 VOLTS) 
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FIGURE A5 -VOLTAGE PROFILES AT MDA/CSM AND MDA/ATM INTERFACES 
(VAMI = VAMP = 29.2 VOLTS; VATM = 30.4 VOLTS) 
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